In low-risk differentiated thyroid cancer (DTC), postoperative 131 I remnant ablation should employ a minimum effective activity; reports increasingly suggest efficacy of low activities, e.g. 1110 MBq/30 mCi.
I activities may be as effective as 3.7 GBq in eradicating remnant. Lately, improved surgical procedures frequently result in remnant volume less than 1 ml, corresponding to 48-to 72-h cervical uptake of less than 2%. These small remnant sizes probably explain lower activities' success.
In February 2001, we began using a Minidose protocol comprising two 740-MBq 131 I administrations, 6 -18 months apart, plus related diagnostic procedures. This activity is permitted for outpatient therapy in many countries; we hypothesized that this regimen would successfully ablate most low-risk DTC patients. Our main rationales for ablation in such patients were to 1) eliminate postsurgical remnant, facilitating detection of recurrence throughout follow-up, and 2) identify individuals with occult metastases.
We now report a retrospective analysis regarding ablation outcomes in 160 consecutive low-risk patients referred to our department for the Minidose protocol. We also sought to identify ablation success predictors and to examine the protocol's ability to detect previously unknown lesions in this population. Additionally, we attempted to assess the impact of the TSH stimulation method and iodine load on ablation success.
Patients and Methods

Patients, patient instruction, and ethics
The study cohort included consecutive patients scheduled for the Minidose protocol meeting the following criteria: age at least 18 yr, well-differentiated papillary or follicular thyroid carcinoma or their oxyphilic variants, stage pT1/N0-Nx disease (15) and (near-) total thyroidectomy. We excluded patients with unifocal tumors smaller than 5 mm or insular, tall-cell or diffuse sclerosing histology. The study period was February 2001 to June 2011.
Because a single 3.7-GBq activity was the standard ablation regimen at most centers as of February 2001, the Minidose protocol was gradually phased into our practice, used in approximately 10% of our eligible patients in 2001, approximately 43% in 2003, approximately 88% in 2008, and more than 95% from 2009 on. The Minidose protocol was approved by our Ethics Committee, and the choice of using the Minidose protocol vs. other options was made by our Tumor Board before being submitted to the patient's approval. Figure 1 summarizes the Minidose protocol and study analyses. Patients with negative imaging at both Minidose procedures (151 of 160, group A) were included in two main analyses: 1) ablation success at Minidose 1, at Minidose 2, and after both Minidoses [i.e. at the later of Minidose 2 or a third stimulated serum thyroglobulin (STg) test some months later] and 2) disease status after prolonged follow-up (Ͼ6 months after the latest STg test). We evaluated ablation success at these times to determine the effects on thyroid remnant of surgery only (Minidose 1 evaluation), of the Minidose 1 activity (Minidose 2 evaluation) or of both Minidose activities, i.e. cumulative administration of ϳ1.48 GBq (ϳ40 mCi) ("after both Minidoses" evaluation).
Protocol, main study analyses, and endpoints
Ablation success at Minidose 2 also was the endpoint of a multivariate analysis to identify factors present at Minidose 1 independently predicting this outcome. The ultimate objective of I administration followed by WBS with cervical uptake measurement, STg/TgAb determination using a second-generation assay, and UIE/UC measurement; Doppler US was performed around Minidose 2. Minidose 1 was time zero of the study. Nine patients with positive Minidose imaging were treated separately (group B). The remaining 151 patients (group A) underwent ablation success evaluation. Patients with positive TgAb (18 at Minidose 1, six at Minidose 2, and two at the last visit) were excluded from the ablation success evaluation or prolonged follow-up evaluation for the times when they were TgAb positive. Immediately after the Minidose 2 procedure, 129 patients were followed on T 4 replacement therapy, whereas 22 patients not ablated at Minidose 2 entered follow-up after a last STg test some months after the Minidose 2 evaluation. Eighty-seven patients had prolonged follow-up (Ͼ6 months after the last STg test); data were evaluable in 81 of these patients.
the multivariate analysis was to identify patient categories in which the Minidose 2 activity might be omitted.
Patients with positive imaging at either Minidose evaluation (nine of 160, group B) underwent an individualized work-up, because two 740-MBq activities given 6 -18 months apart had not been reported to reliably destroy metastases. Because of this difference in disease management, group B patients were excluded from the previously described analyses.
Ablation success was defined as the combination of 1) no visible thyroid bed uptake on whole-body scintigraphy with 740 MBq (740WBS) or cervical uptake below 0.1% and 2) undetectable STg (Ͻ1 ng/ml). Patients were considered to be inevaluable for analyses involving evaluation times when they were antithyroglobulin antibody (TgAb) positive.
TSH stimulation
Minidose activities and STg tests were stimulated by recombinant human TSH (rhTSH) (Thyrogen; Genzyme, Cambridge, MA) or thyroid hormone withdrawal (THW). rhTSH was administered as two consecutive daily 0.9-mg im injections, with the 131 I activity given 24 h after the second injection. THW comprised T 4 withholding for 4 wk, with T 3 typically substituted for T 4 during the first 2 wk. The choice of TSH preparation shifted over time depending upon rhTSH availability and regulatory status. THW (rhTSH) stimulation was used at Minidose 1 in 51.9% (48.0%) of cases through 2005 and in 2.8% (97.2%) thereafter.
Iodine overload avoidance and urinary iodine excretion (UIE) testing
Patients were prescribed a low-iodine diet for at least 2 wk before receiving 131 I. Before each radioiodine administration, UIE after a single urination was determined by colorimetric assay with an approximately 80 nM/liter detection limit; urinary creatinine (UC) was codetermined to calculate the UIE/UC ratio.
Scintigraphy, cervical uptake measurement, and doppler ultrasonography (US)
The 740WBS (Ͼ250,000 counts) and cervical uptake measurement were performed 2-3 d (mean 66 Ϯ 11 h) after radioiodine administration using ␥-cameras with parallel high-energy collimators and external probes, respectively. To facilitate comparisons, uptake values were normalized to 72 h, taking into account 131 I physical decay and reported mean effective halftimes in remnants of 104.0 h (rhTSH) or 63.9 h (THW) (16) . All Doppler US was conducted by experienced ultrasonographers affiliated with our institution. TgAb was measured by sensitive immunometric assay (Immulite 2000 anti-TgAb; Siemens). Samples with TgAb titers over 40 IU/ml were considered TgAb positive.
Thyroglobulin (Tg)/TgAb testing
Prolonged follow-up
Of 151 group A patients, 129 were planned to be followed on T 4 replacement every 1-2 yr with physical exam, TSH measurement, unstimulated Tg/TgAb testing, and, until two consecutive sonographs were negative, Doppler US. Twenty-two patients considered nonablated at Minidose 2 received an additional STg/ TgAb test some months later, accompanied if requested by diagnostic 131 I WBS [mean activity, 400 MBq (10.8 mCi)]. Data on prolonged follow-up, defined as more than 6 months after the last available STg test, were evaluable in 81 patients (53.6% of group A); six additional patients with prolonged follow-up had inevaluable data due to positive TgAb (n ϭ 2) or negative Tg with a persistent suppressed TSH level (n ϭ 4).
No evidence of disease was defined as a normal clinical exam, negative follow-up Doppler US, and undetectable last unstimulated Tg/TgAb tests on T 4 replacement.
Statistics
Continuous variables are expressed as means Ϯ SD and were compared between groups by the Student's t test or the protected least-significant difference Fisher t test (Mann-Whitney U test) if the variables were normally (nonnormally) distributed. Categorical variables are presented as proportions and were compared between groups with the 2 test or the Fisher exact test. Logistic regression analysis of factors potentially predicting ablation success at Minidose 2 was performed using multiple linear regression with StatView version 5.0 (SAS Institute, Inc., Cary, NC). The final model expressed the odds ratio (OR) and calculated 95% confidence intervals (CI). P values Ͻ0.05 were considered significant.
Results
Study cohort characteristics are presented in Table 1 . Most patients (112 of 160, 70.0%) had a unifocal primary tumor at least 10 mm in diameter or multifocal primary tumors totaling at least 10 mm in diameter. Apart from proportion of rhTSH vs. THW use, we found no significant differences in key characteristics between patients given the Minidose protocol before 2006 (n ϭ 52) or thereafter (n ϭ 108), except a slightly increased mean unifocal tumor size in the later period (9.7 Ϯ 3.3 vs. 12.5 Ϯ 4.0 mm, P Ͻ 0.0005).
Ablation success
The success rate after both Minidose administrations (Table 2 ) was 90.1% overall and 90.4% in patients with STg below 10 ng/ml at Minidose 1 (71.2% of our cohort evaluable after both Minidoses). Additionally, patients not ablated after both administrations had low mean cervical uptake (0.11%) and mean STg (1.65 ng/ml) that were only slightly above cutoffs. The ablation success rate after the two 740-MBq activities was 95.5% using lax criteria of STg below 2 ng/ml, negative TgAb, and cervical uptake below 0.2%.
About 10% of patients were ablated by surgery alone. The first 740-MBq activity had a strong ablative effect (Table 2 ). This effect was especially apparent when the activity was stimulated by rhTSH rather than THW (81.4 vs. 51.9% success rates after Minidose 1 administration, P Ͻ 0.002). The cervical uptake classification, mean percent cervical uptake, and mean STg concentration were all dramatically (P Ͻ 0.0001) modified at Minidose 2 vs. at Minidose 1 ( Table 3) .
As seen in Table 2 , overall, the Minidose 2 activity only modestly increased the proportion of ablated patients from that attained by the Minidose 1 activity. However, the second administration appeared to have a more important effect in THW patients than in their rhTSH counterparts (52.0 vs. 13.0% relative increase in the ablation success rate), although a delayed response to the first 740 MBq cannot be excluded in the former subgroup. After both Minidose activities, an STg below 1 ng/ml was seen in 62.9% (91.5%) of evaluable patients receiving THW (rhTSH) at Minidose 1.
Impact of TSH stimulation method and iodine load on urinary iodine excretion and scintigraphic variables
Although 740WBS image grading was not significantly affected by the stimulation method, rhTSH patients had a higher (Ն2.13 times) mean UIE/UC ratio and lower (Յ0.46 times) mean cervical uptake than did THW patients at both Minidose administrations (Table 3) . Table 4 shows the relationship of selected factors with ablation status at Minidose 2. On univariate analysis, ablated patients tended to be younger and had lower mean cervical uptake at Minidose 1 (P Յ 0.021) compared with nonablated patients. rhTSH stimulation at Minidose 1 was significantly associated with ablation success at Minidose 2 (P ϭ 0.002). However, the strongest predictor for ablation at Minidose 2 was STg below 10 ng/ml at Minidose 1 (P Ͻ 0.0001), which likely reflected smaller remnants. Other tested variables, including primary tumor diameter totaling less than 10 mm or multifocality, appeared to have no statistical relationship with ablation success at Minidose 2.
Factors predicting ablation success at Minidose 2
On multivariate analysis, we identified two independent factors predicting ablation success of a single 740-MBq administration: rhTSH stimulation (OR ϭ 6.5, 95% CI ϭ 1.7-24.4, P Ͻ 0.006) or STg below 10 ng/ml at Minidose 1 (OR ϭ 13.9, 95% CI ϭ 2.5-76.4, P Ͻ 0.003). The predictive value of a low cervical uptake (Ͻ1.00%) at Minidose 1 was no longer significant (P ϭ 0.39), because STg and cervical uptake both reflected remnant size and were clearly correlated (P Ͻ 0.0001, Spearman rank correlation test).
In the subgroup of patients evaluable at Minidose 2 who had been given rhTSH at Minidose 1 (n ϭ 118), a postablation STg below 10 ng/ml at Minidose 1 was highly predictive of ablation success (OR ϭ 6.7, 95% CI ϭ 1.2-36.0, P Ͻ 0.028). Similar findings were seen in the subgroup undergoing THW at Minidose 1 (n ϭ 27); preablation STg below 10 ng/ml at Minidose 1 predicted ablation success at Minidose 2 (OR ϭ 10.9, 95% CI ϭ 1.1-117.2, P Ͻ 0.048).
Prolonged follow-up
None of 81 patients with evaluable prolonged follow-up data showed evidence of disease at the last assessment (mean Ϯ SD follow-up was 41.8 Ϯ 21.9 months, range 12.4 -97.1 months after Minidose 1, 30.2 Ϯ 21.9 months after the latest STg test). One THW patient died of a cerebral stroke 54.2 months after Minidose 1.
Detection of previously occult disease
As seen in Supplemental Table 1 (published on The Endocrine Society's Journals Online web site at http://jcem.endojournals.org), in a cohort classified as postsurgically low-risk, Minidose imaging nevertheless detected metastases in 5.6% of patients (nine of 160). Five patients had positive mediastinal nodes (n ϭ 3) or distant lesions (n ϭ 2) that would not have been localized by US or identified by STg (Fig. 2, Supplemental Figs. 1-3) . Notably, mean STg values at Minidose 1 did not differ between the nine group B patients and the 133 evaluable group A patients (P ϭ 0.97, Table 1 ). However, three individuals had positive cervical nodes detected only by US, which, per our protocol, first was performed around Minidose 2.
Discussion
The present analysis demonstrates the ablative efficacy and diagnostic utility in a large series of low-risk DTC patients of the Minidose protocol of outpatient thyroid remnant ablation with two 740-MBq 131 I activities plus related surveillance procedures. The two main objectives of the protocol appear generally to have been met. First, in a great majority of patients, thyroid remnant, the main locus of Tg production and radioiodine uptake that could confound long-term diagnostic follow-up, was eradicated (Table 2) . Second, despite our cohort's reassuring initial pTNM classification, we identified previously occult disseminated disease in 5.6% of patients, and five of nine such cases would have been misdiagnosed based on Doppler US and Tg testing alone. Indeed, factors beyond primary lesion size, e.g. BRAF mutations (17) , influence DTC aggressiveness. In our opinion, this situation justifies performing highly sensitive 131 I WBS to identify patients requiring modified treatment for cure. An improvement in our protocol would be to carry out Doppler US, 123 I diagnostic WBS, or both before Minidose 1. Doing so could help sooner identify patients in whom conventional 3.7-GBq therapy or surgical reintervention would be indicated or identify individuals already ablated by surgery and thus requiring no radioiodine therapy. In our anecdotal experience, two to four 740-MBq administrations failed to eradicate positive nodes in four of five patients; only small tumors with substantial 131 I uptake appeared to be successfully treated at this activity (Supplemental Table 1 , Fig. 2 , and Supplemental Figs. 1 and 3) . These observations suggest that at low activity levels, remnant ablation and tumoricidal effects are separate goals of postoperative 131 I administration.
We believe that the success of the Minidose protocol in eradicating remnant relied on two principal factors. One factor was the relatively small remnant volumes in our cohort due to improved surgical techniques and greater recognition of the value of specialization in thyroid procedures. In a 509-patient prospective study of THW-aided ablation, Bal et al. (7) concluded that 555-MBq (15 mCi) or 740-MBq activities produced unacceptably low success rates (59.6 and 63.6%, respectively). However, their results may reflect only subtotal thyroidectomy, because mean cervical uptake was 9.1% at 48 h in their series vs.
1.09% at 72 h in ours.
Another factor explaining the ablation success of the Minidose protocol was the 6-to 18-month interval between radioiodine therapies. This interval allowed ample time for remnant cell die-off, presumably reducing target tissue volume and increasing absorbed dose delivery by the second Minidose activity. Additionally, the interval probably precluded thyroid stunning (18) , likely a problem with iterative 131 I therapy administered at shorter intervals (19 -21) .
A limitation of our analysis was its retrospective, nonrandomized nature, including the changing frequency of Minidose protocol use over time. However, this last factor seems unlikely to have introduced any clinically relevant e Excludes patients with TgAb over 40 IU/liter (n ϭ 18 at Minidose 1, n ϭ 6 at Minidose 2).
bias regarding outcome; tested patient characteristics were statistically similar before vs. after the Minidose protocol became routine in eligible patients, except the presurgical variable of unifocal primary tumor diameter (2.9 mm mean increase after the protocol became routine). These findings suggest that if anything, the Minidose protocol was applied to slightly lower-risk patients earlier in the study period. Nonetheless, higher ablation success rates were observed more recently (67.3% before 2006 vs. 83.9% thereafter, P Ͻ 0.016). Moreover, throughout the study, 100% of evaluable patients given the Minidose protocol had no evidence of disease after prolonged follow-up. Despite these limitations and our relatively low number of THW-aided radioiodine administrations, our use of both rhTSH and THW produced several interesting comparative observations. First, rhTSH stimulation was associated with a significantly higher ablation success rate after the first Minidose activity than was THW, although this difference vanished after both activities (Table 2 ). This finding suggests that the time to ablation may be longer after THW stimulation. However, one cannot exclude a bias regarding remnant volume. Nor can one exclude bias from higher STg values attributable to THW, with its longer TSH elevation, being used to stimulate success assessment of the first Minidose activity in part of the THW group, but not the rhTSH group. Nevertheless, our data join a growing body of evidence of both the efficacy of lower ablative activities and the statistically not different final ablation success rates of rhTSH and THW stimulation (6, 9, 10, (12) (13) (14) .
Second, we observed that rhTSH was associated with a significantly greater iodine excretion than was THW (Table 3), but the difference appeared not to influence ablation success. This iodine status discrepancy may chiefly be due to lower renal iodine clearance in the hypothyroid THW patients (22) . Of interest, unlike other studies (6, (22) (23) (24) , which had conflicting results regarding differ- ences in iodine load and ablative efficacy, we normalized our UIE values to UC. Doing so increased the reliability of iodine load test results from a single urination, because UIE may vary hugely during the day. Third, rhTSH use was associated with significantly lower mean cervical uptake than was THW, but this difference too had no relationship with ablation success. This observation conforms with other studies' findings of significantly (10, 25) or borderline significantly (9, 16, 26) lower uptake with rhTSH vs. THW. The uptake difference may be due to one or both of the higher blood residence time or the longer stimulation of the organification machinery in THW patients. We did not acquire data on 131 I kinetics, and conflicting results have been reported regarding remnant dosimetry (16, (25) (26) (27) . In our opinion, those discrepancies may stem from the difficulty in reliably assessing small functional target volumes.
Regarding clinical practice, our analysis suggested that most low-risk patients with negative 131 I WBS and neck US after the first 740-MBq activity need receive only that activity. A postablation STg under 10 ng/ml at Minidose 1 (seen after 76.1% of rhTSH stimulations), a likely surrogate for small remnants, helped identify patients ablated at the Minidose 2 evaluation, i.e. by the Minidose 1 activity alone. In this subgroup, the high ablation success rate after the initial 740 MBq was little increased at the final evaluation (Table 2) , and one STg determination or, possibly, a Tg determination using an ultrasensitive assay during T 4 replacement (28) should suffice to subsequently verify disease status. Such Tg testing could be performed at 6 months after Minidose 1 when rhTSH is used and 9 months when THW is used, because our data suggest that the latter method may be associated with a delayed response.
A second Minidose activity would appear to be helpful mostly in subtotally thyroidectomized patients, a status sometimes reflecting a surgeon's limited experience. Such patients will be selected at Minidose 1 as having higher cervical uptake and concomitantly higher STg values.
After a mean 41.8 Ϯ 21.9 months after Minidose 1 administration, we observed no evidence of disease in our 81 evaluable patients with prolonged follow-up. However, given the typical indolence of low-risk DTC, this follow-up may well have been insufficient for all recurrences to manifest.
An important advantage of the Minidose protocol is that it avoids hospitalization, improving accessibility to ablation in nations with limited inpatient radioprotection facilities, and conferring pharmacoeconomic and patient quality-of-life benefits relative to inpatient ablation. We conservatively estimate that in our institution, a two-activity Minidose protocol costs approximately 2420 euros, favorably comparing to a single 1110-MBq administration, which in Europe entails a onenight hospitalization and thus costs approximately 4450 euros. Savings will be even greater using a modified Minidose protocol of only one 740-MBq activity (cost ϳ1350 euros). These advantages relative to higher activities of course would not apply in countries permitting outpatient administration of higher activities.
Regarding patient quality-of-life, hospitalization in a radioactive oncological environment is often disturbing (29) and may erroneously create fears that low-risk DTC is life-threatening. In our experience, the Minidose protocol had excellent acceptance, because activities were administered during routine visits. We have observed no undesired symptoms with our protocol other than mild, well-known side effects of TSH stimulation.
Use of an 131 I activity as low as 740 MBq limits public radiation exposure to less than 1 mSv/yr. Additionally, the mean patient blood absorbed doses associated with such activities, below 100 mSv (16), are not known to carry a significant risk of radiation-related second primary ma- Table 1 : 44.1-yr-old woman with a pT1N0 papillary thyroid cancer (18 mm unifocal tumor, 11 negative nodes dissected). Panels a1 and a2, Anterior and posterior view 73 h after Minidose 1 activity administration (rhTSH; 699 MBq/18.9 mCi 131 I). STg was 7.6 ng/ml with negative TgAb. Panels a3 and a4, The WBS shows a large remnant with a cervical 131 I uptake of 1.02% and an additional focus corresponding to a positive upper mediastinal node, as evidenced by single-photon emission computed tomography/ computed tomography fusion images. The node was too anatomically low for Doppler US detection, even after reperforming US aided by the 131 I WBS image. Panels b1 and b2, WBS after high-activity retreatment (THW-aided 3.7 GBq 6.8 months after Minidose 1); STg was 0.2 ng/ml. The WBS shows apparent destruction of the mediastinal node and most remnant tissue by the Minidose 1 activity. Only a small thyroglossal duct focus is visible (72-h uptake of 0.068%). Demonstration of a possible curative effect of the first 740 MBq, perhaps due to the high initial nodal uptake.
lignancies, an important concern with higher activities and low-risk DTC patients (30) .
In conclusion, the Minidose protocol is effective, diagnostically useful, clinically well tolerated, and widely applicable in low-risk DTC patients. Extension of this protocol to pT2 N0-Nx patients should be considered, as should making the second Minidose activity optional in low-risk patients with postablation STg below 10 ng/ml after the first 740-MBq activity.
